arXiv: 1507.00516vl [astro-ph.SR] 2Jul2015 


PROCEEDINGS 

SCIENCE 



Solar and Heliospheric Physics with the Square 
Kilometre Array 


Valery M. Nakariakov^ Mario M. Bisi^, Philippa K. Browning^, Dalmiro Maia"^, 
Eduard P. Kontar^, Divya Oberoi®, Peter T. Gallagher^, Iver H. Cairns*, Heather 
Ratcliffe^ 

* Centre for Fusion, Space and Astrophysics, Physics Department, University of Warwick, 

Coventry CV4 7AL, UK; ^RAL Space, Science & Technology Facilities Council - Rutherford 
Appleton Laboratory, Harwell Oxford, Oxfordshire, 0X11 OQX, England, UK; ^ Jodrell Bank 
Centre for Astrophysics, University of Manchester, Manchester, M13 9PL, UK; ^CICGE, 
Observatorio Astronomico Professor Manuel de Barros, Faculdade de Ciencias da Universidade 
do Porto, Vila Nova de Gaia, Portugal; ^ School of Physics and Astronomy, University of 
Glasgow, Glasgow, G12 8QQ, UK; ^National Centre for Radio Astrophysics, Tata Institute of 
Fundamental Research, India; ^ School of Physics, Trinity College Dublin, 2, Dublin, Ireland; 
^School of Physics, University of Sydney, Sydney, NSW 2006, Australia. 


E-mail: \/ .tla'karxa'kov at Warwick . ac . uk; Mario.Bisi at stfc.ac.uk 


The fields of solar radiophysics and solar system radio physics, or radio heliophysics, will benefit 
immensely from an instrument with the capabilities projected for SKA. Potential applications in¬ 
clude interplanetary scintillation (IPS), radio-burst tracking, and solar spectral radio imaging with 
a superior sensitivity. These will provide breakthrough new insights and results in topics of fun¬ 
damental importance, such as the physics of impulsive energy releases, magnetohydrodynamic 
oscillations and turbulence, the dynamics of post-eruptive processes, energetic particle accelera¬ 
tion, the structure of the solar wind and the development and evolution of solar wind transients at 
distances up to and beyond the orbit of the Earth. The combination of the high spectral, time and 
spatial resolution and the unprecedented sensitivity of the SKA will radically advance our under¬ 
standing of basic physical processes operating in solar and heliospheric plasmas and provide a 
solid foundation for the forecasting of space weather events. 
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1. Introduction 

The Sun is the brightest radio objeet in the Universe visible from the Earth. In powerful flares, 
the radio flux density may exeeed 10^ Jy. The wide variety of meehanisms, both eoherent and 
ineoherent, for solar and heliospherie radio emission provide us with unique information required 
for understanding the basie physieal proeesses operating in natural and laboratory plasmas, at both 
mieroseopie and maeroseopie levels. The topies of ongoing intensive investigations are the funda¬ 
mental problems of plasma astrophysies: the release of magnetie energy, aeeeleration of eharged 
partieles, magnetohydrodynamie (MHD) waves and turbulenee, wave-partiele interaetion, ete. The 
proximity of the Sun to the Earth allows for its study with an unpreeedented eombination of time, 
spatial and speetral resolution, and a unique opportunity to study fundamental plasma physies pro¬ 
eesses both in situ and remotely. Einally, plasma physies proeesses in the solar atmosphere are 
direetly relevant to geophysieal ehallenges sueh as elimate ehange and spaee weather; a strong 
additional motivation for the intensive development of solar and heliospherie radio physies. 

Observations of solar and heliospherie radio emission are mainly performed with dedieated 
instruments, sueh as radio interferometers. However these are rather limited. Eor example the 
highest spatial resolution in the mierowave band eurrently aehieved by the Nobeyama Radiohelio¬ 
graph (NoRH, Nakajima et al. 1994), 5" at 34 GHz, is mueh lower than the spatial seale of plasma 
struetures in the solar eorona as resolved in the EUV and X-ray bands (smaller than 1"). Not even 
the upeoming new generation of state-of-the-art speeialised solar radio interferometers, namely the 
Chinese Speetral Radioheliograph (CSRH, frequeney range 0.4-15 GHz, longest baseline 3 km, 
Yan et al. 2009), the upgraded Siberian Solar Radio Teleseope (SSRT, frequeney range 4-8 GHz, 
longest baseline 622.3 m, Eesovoi et al. 2014) and the Expanded Owens Valley Solar Array (e- 
OVSA, frequeney range 1-18 GHz, longest baseline 1.8 km, Gary et al. 2012) will reaeh the SKA’s 
spatial resolution and sensitivity. In short, as well as providing simultaneously high speetral and 
spatial resolution unavailable with eurrent instruments, the SKA will radieally (by two orders of 
magnitude) improve on their sensitivity, allowing for the deteetion of a number of physieal phenom¬ 
ena predieted theoretieally. The breakthrough potential of SKA in solar and heliospherie studies 
in the low frequeney band has already been demonstrated in frames of the EOw Erequeney ARray 
(EOEAR) and Murehison Widefield Array (MWA), both of whieh are SKA pathfinder projeets. 
These instruments inelude solar and heliospherie physies, and spaee weather amongst their key 
seienee objeetives and have already lead to several interesting publieations (e.g. Mann et al. 2011; 
Oberoi et al. 2011; Bowman et al. 2013). 

A further interesting opportunity is eonneeted with the faet that for a 300 km baseline, the 
proximity of the Sun to the interferometer puts it in the near-field zone of the instrument at higher 
frequeneies. The spherieity of the waves eoming from spatially loealised solar sourees ean be 
measured and the radial distanee to the souree ean be estimated, providing us with 3D information: 
both angular eoordinates on the plane-of-the-sky and the distanee to the souree (e.g. giving radial 
resolution of 0.1 Rq at 1.5 GHz on a 300 km baseline, Braun 1997). 

Eor imaging purposes, solar observations are partieularly ehallenging. Eirst of all there is the 
immense dynamie range. During major outbursts the flux ean be dominated by very spatially- 
loealised sourees and simultaneously there are elongated features whose brightness temperature 
over the same spatial extent as the narrow souree eould be nine orders of magnitude lower. The 
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spatial scales of those emissions vary widely, with the thermal emission from the corona exceeding 
the size of the solar disk, and loop gyrosynchrotron emissions reaching even larger sizes, while 
the emission from noise storms is close to the minimum size defined by scattering in the solar 
atmosphere (e.g. the effect of plasma turbulence in the meter wave range, (Bastian et al. 1998)) 
. The temporal scales also vary widely. Thermal emission can be stable on the order of hours or 
days, but many outbursts or quasi-periodic pulsations (QPP) require better than 0.1-second time 
resolution, and the typical eruptive event will develop through a series of outbursts during a time 
interval of less than 10 minutes. This means that although aperture synthesis could be used for 
the quiet Sun, it is not an option for solar radio burst science, for which instantaneous imaging is 
required. 

The various heliospheric phenomena are associated with radio emission covering a wide range 
of frequencies. The frequency range from 50 MHz to 3 GHz (or higher) suffices fo monitor a wide 
range of solar phenomena of fundamenlal inferesf, in particular relating fo flare physics, CME 
inifiafion, shock propagafion, and energetic particle acceleration. In Ibis Chapfer we presenf sev¬ 
eral research topics fhaf would specifically benefif from fhe high resolufion and sensifivify fo be 
provided by fhe SKA, and which are expecfed fo bring us new resulfs of Iransformalive nafure. 

2. Magnetic reconnection diagnostics 

Solar flares produce high-energy radiafion, non-fhermal energetic particles and (sometimes) 
clouds of magnetised plasma known as Coronal Mass Ejections (CMEs) (e.g. Benz 2008; Elefcher 
el al. 2011). Each of fhese are major evenfs of space weafher, and can have significanf effecls on 
technological sysfems on Earfh and on satellites in fhe ferresfrial environmenl (Schwenn 2006). 
They are increasingly idenfified as a major sociefal risk, wifh high economic impacf. Radio ob¬ 
servations wifh fhe SKA could play an imporfanf role in elucidating fhe underlying processes in 
flares, building towards predicfive capacify, as well as in space weafher monitoring. The latter 
issue requires fhe SKA operafion planning team fo dedicate several lime slols to heliospheric ob¬ 
servations daily. Eurlhermore, undersfanding solar flares is a challenging problem in fundamenlal 
plasma physics, wifh implications for olher aslrophysical Iransienls including stellar flares, which 
have recenlly been shown fo be common across many types of slars (Maehara el al. 2012). 

Elares almost certainty represent the release of stored magnetic energy through the process 
of magnetic reconnection (Priest & Eorbes 2002; Shibata & Magara 2011). However, there are 
many unsolved problems concerning the physical processes involved. The reconnection in a flare 
may be Iriggered by a filamenl eruplion, as in fhe “sfandard” flare model - or by anolher process 
such as newly-emerging flux or an inslabilily. One crucial lask is Ihus fo delermine fhe magnetic 
field configuralion. However, fhe coronal magnelic field cannol be direclly measured and is usually 
inferred by e.g. a force-free exlrapolalion from measured fields al fhe photosphere (De Rosa el al. 
2009). There are a number of difficulties wifh Ibis approach even for steady fields, such as fhe 
non-force-free nafure of fhe lower almospheric layers, and if cerfainly does nol apply fo rapidly- 
changing fields during a flare. Indeed, currenl quanlilalive eslimales of fhe changes in magnetic 
energy during a flare are inconsislenl wifh fhe overall energy budgel (Sun el al. 2012), probably due 
to fhese uncerlainlies in field exlrapolalions. Analysis of gyrosynchrolron emission during flares 
can be used to conslrain fhe coronal magnelic field (Eleishman el al. 2009) and so sludies combining 
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the high spatial and spectral resolution of the SKA will provide far more detailed information about 
the magnetic field. 

The magnetic reconnection site in flares cannot be directly observed, and indeed, the scale 
lengths of the dissipation region are likely to be extremely small, probably of the order of tens of 
metres. However, in order to understand the energy-release processes, it is essential to determine 
the location and spatial extent of this site. In the standard model this is a single monolithic current 
sheet, but there is increasingly strong evidence that the reconnection site is fragmented, either 
into a chain of magnetic islands or plasmoids, or into even more complex three-dimensional (3D) 
structures (Cargill et al. 2012; Gordovskyy et al. 2013), and reconnection and turbulence interact on 
many scales in flares (Browning & Lazarian 2013). Non-thermal particles produced during flares 
are a crucial tool for indirectly observing the reconnection site (Zharkova et al. 2011), and are 
discussed further in Section Q Their diagnostic capabilities will benefit greatly from the improved 
spatial resolution offered by the SKA. 

3. Quasi-periodic pulsations in flares 



Start Time (08-May-98 01:55:50) 



Figure 1: Quasi-periodic pulsations in the solar flare of 8th May 1998. Left: Solar flux time profiles of 
microwave emission at 9.4 GHz (dot-dashed line), 17 GHz (solid line) and 3.75 GHz (dotted line). Right: 
Soft X-ray image from Yohkoh. Contour: microwave emission source for the same flare, observed by NoRH 
at 17 GHz intensity (from Inglis et al. 2008). 


The radio, white light. X-ray and gamma-ray light curves of solar and stellar flares are often 
found to have pronounced quasi-oscillatory patterns called quasi-periodic pulsations (QPP; see 
Fig. |I|, and Nakariakov & Melnikov 2009, for a comprehensive review). The detected periodicities 
range from a fraction of a second to tens of minutes and the modulation depth of the main flaring 
signal varies significantly between events, from a few percent to a hundred percent. 

The strong correlations typically seen between the microwave and X-ray emission indicate that 
the phenomenon is associated with non-thermal electrons (Section ^), but the physical mechanisms 
for QPP in flares are still uncertain. Theoretical studies show that the detected periodicities may 
be caused by MHD oscillations of the flaring active regions or nearby plasma structures. This 
interpretation is supported by the recent discovery of ubiquitous MHD wave activity in the solar 
corona (see De Moortel & Nakariakov 2012, for a recent review), as space and time resolved MHD 
waves and oscillations in coronal plasma structures in the EUV band have periods in the same range 


4 












Solar and Heliospheric Physics with SKA 


as long-period QPR However, the shorter-period QPP (< 1 min) are not time-resolved in the EUV 
band. 

Coronal MHD waves are intensively used for diagnostics of the plasma in MHD seismology 
(e.g. Stepanov et al. 2012). The confident identification of MHD oscillations in flaring QPP will 
lead fo fhe Iransformalive change in fhe application of fhis mefhod, as fhe superior lime resolufion 
inlrinsic lo fhe radio band allows fhe deleclion of phenomena on fhe lime scale of fhe fransverse 
Alfven fransif time, of fhe order of one second. Such observalions require fhe combination of high 
sensitivity wifh high spafial and time resolution, and hence are a nafural fask for fhe SKA. More¬ 
over, fhe broad specfral coverage would allow simulfaneous resolufion of fhe processes associaled 
wifh fhe non-lhermal eleclrons propagaling from fhe flare sife downwards info dense plasma, seen 
in fhe high-frequency band (> 1 GHz), and upwards, info rarified plasma, seen in fhe low-frequency 
band, again a Iransformalive improvemenl for coronal seismology. 

The knowledge gained from fhe sludy of QPP in solar flares can be applied lo fhe inlerprelalion 
of QPP in slellar flares, providing us wifh an imporlanl fool for MHD seismology of stellar coronae. 
Shorl-period QPP have been confidenlly delecled in stellar flares in fhe radio band (e.g. Zailsev el al. 
2004); and even occasionally in fhe while lighl and X-ray bands, despite the lack of the necessary 
resolution and sensitivity. This issue demonstrates clearly the synergetic potential of this research 
- the SKA sensitivity will allow radical improvements to the detection of QPP in stellar flares and 
hence the statistical significance of the results. 

4. Particle acceleration and transport in solar flares 

Solar flares are known to efficiently accelerate electrons in large numbers (Holman et al. 2011), 
but the detailed physics of the process is not known. At high frequencies (above a few GHz), flare 
radio emission is often dominated by gyrosynchrotron radiation from such energetic (~ 100 keV) 
electrons in flaring loops (e.g. White et al. 2011, for a recent review). As noted in Section this 
emission can be used to constrain the coronal magnetic field, while non-thermal particles are a 
crucial tool to diagnose the flare reconnection site. New observations (e.g. Fleishman et al. 2011) 
suggest that radio emission can even be used as a unique tool to diagnose the region where energetic 
electrons are accelerated when traditional X-ray techniques are insensitive. In addition, optically 
thin gyrosynchrotron emission provides a powerful tool to infer the poorly understood properties of 
the energetic electrons. Spatially and spectrally resolved observations are key to this understand¬ 
ing. The two fixed frequencies (17 and 34 GHz) currently offered by NoRH, are not sufficient to 
disentangle features of the acceleration from the effects of electron transport. The SKA will allow 
the simultaneous imaging of various regions of the flaring atmosphere, and therefore significantly 
improve our understanding of these processes, and by extension magnetic reconnection. 

Radio emission is also seen with rather short (sub-second) duration and very narrow bandwidth 
(Benz 2008, as a review). Although in a few such cases, the spatial relation between coronal X- 
ray sources and such coherent radio emissions (called decimetric spikes) has been investigated, the 
origin and the driver of such bursts is largely unknown. Metric spikes are also sometimes associated 
with the acceleration of electrons (e.g. Paesold et al. 2001) which lead to Type III radio bursts (see 
below). High sensitivity observations can substantially improve our knowledge of radio signatures, 
often associated with microscopic processes in the solar atmosphere (e.g. Karlicky 2004). 
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Non-thermal electrons are also observed to escape the solar atmosphere and travel into inter¬ 
planetary space, producing radio bursts of several kinds (e.g. Pick & Vilmer 2008, as a review). 
Radio observations at frequencies of around 50-300 MHz therefore provide a unique tool to probe 
the high solar corona and are often the only means by which to observe such escaping particles as 
well as CMEs and shocks (discussed in the next section) in this region (e.g. Bastian et al. 1998). 

Although we have a basic physical picture of electron transport from the Sun to the Earth, there 
are still many open questions concerning energetic electron acceleration, storage, and release in the 
corona, and transport in interplanetary space (e.g. Kontar & Reid 2009, and references therein). So 
called Type III solar radio bursts can be produced by the propagating electrons at the local plasma 
frequency which ranges from hundreds of MHz in the high corona to kHz near and beyond the Earth 
(e.g. Sinclair Reid & Ratcliffe 2014). A Type III burst observed at steadily decreasing frequency 
thus implies a population of fast electrons injected onto an open magnetic field line in the corona 
and travelling outwards. SKA observations of radio signatures at decimetric/metric wavelengths 
thus provide essential tools for studying not only energetic particles, but also the magnetic field 
geometry near flares and magnetic connections from the flare site to the interplanetary medium. 

5. Shocks and particle acceleration in the solar atmosphere 

CMEs are spectacular eruptions of plasma and magnetic field from the surface of the Sun into 
the heliosphere, which can travel at speeds of up to 2,500 km s^' and have masses ~10'^ g. CMEs 
often produce shocks in the solar atmosphere and thereby accelerate electrons and other particles 
into interplanetary space. The MHz and GHz radio emission from these accelerated electrons can 
be used to diagnose the acceleration mechanism, which may include magnetic reconnection and 
coronal shock waves (e.g. Gary & Keller 2004), although the precise details of these mechanisms 
remain unclear. The SKA will enable us to address these questions using its extremely high sen¬ 
sitivity, spectral coverage, and imaging capabilities. These results will not only give us a new 
insight into the fundamental physics of CMEs and CME shocks, but will enable us to improve the 
forecasting of adverse space weather at Earth. 

Recently, Carley et al. (2013) studied shocks and particle acceleration associated with the 
eruption of a CME using EUV, radio and white-light imaging. The CME-induced shock was coin¬ 
cident with a coronal (“EIT”) wave and an intense metric radio burst (known as a Type II solar radio 
burst) generated by intermittent acceleration of electrons to kinetic energies of 2-46 keV (0.1-0.4c). 
Their results indicate that CME-driven quasi-perpendicular shocks are capable of producing quasi- 
periodic acceleration of electrons, an effect consistent with a turbulent or rippled plasma shock 
surface. 

The Nanqay Radioheliograph used in that study provides imaging at a few discrete frequencies 
in the lO’s to lOO’s of MHz, while the Birr Callisto radio-spectrometer (e.g. Zucca et al. 2012) 
offers good spectral coverage, but the combined superior spatial and spectral resolution offered by 
the SKA would radically advance these topics. Eor example, the high spatial, spectral and temporal 
resolution offered by EOEAR (van Haarlem et al. 2013) was exploited by Morosan et al. (2014) to 
study solar Type III radio bursts and their association with CMEs (see Eigure The non-radial 
high altitude Type III bursts were associated with the expanding flank of a CME which may have 
compressed neighbouring streamer plasma producing larger electron densities at high altitudes. 
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while the non-radial burst trajectories can be explained by the deflection of radial magnetic fields 
as the CME expanded in the low corona. New discoveries, such as the short-duration, fast-drift 
metric bursts recently found with the MWA (e.g. Oberoi et al. 2011, and references therein) also 
demonstrate the potential of the SKA. 
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Figure 2: LOFAR tied-array images of a Type III radio burst at (a) 50-55 MHz (b) 40-45 MHz and (c) 30-35 
MHz, separated by 1 s. The inset is an SDO/AIA (19.3 nm) image of the EUV Sun. The dynamic spectra 
corresponding to two different beams. Beam 4 and Beam 24, are shown in panels d and e. The full evolution 
of the radio sources in the dynamic spectra (Bursts 1, 2 and 3) can be viewed in Morosan et al. (2014) 


Newly-available theory and simulation capabilities offer great promise to explain the detailed 
properties of Type II and III bursts. For instance, impressive agreement exists between the observed 
and predicted dynamic spectra of several type II bursts below about 15 MHz (Schmidt & Cairns 
2014). These combine 3D MHD simulation of a particular CME moving through the event-specific 
corona (using the BATS-R-US code with data-driven models) with detailed emission physics, and 
show multiple radio sources distributed across the 3D shock front. Type III simulations have also 
been developed which can predict the basic properties of emission including its fine structures 
in frequency, associated bremsstrahlung X-rays in the chromosphere (Hannah et al. 2013), and 
intensification when the electron beam crosses a shock (Ei & Cairns 2012). Fully 3D theories for 
type III bursts, as well as enhanced theories for decimetric events (Cairns 2011) are expected to be 
available before SKAl is operational. 

The SKA therefore offers the ability to address some of the many fundamental and important 
issues, both observational and theoretical, for solar radio bursts (see also the related discussion for 
the MWA; Bowman et al. 2013), by allowing high time, spatial and spectral resolution imaging. 
Correlations with data from other wavelengths, such as EUV and X-ray images of solar flares. 
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magnetic reconnection, and CMEs from multiple spacecraft (e.g. SDO, STEREO, and RHESSI) 
and also detailed comparison with new theory and simulations will allow new and unanticipated 
discoveries, as well as illuminating such issues as the detailed source structure and sizes of Type II 
and III bursts, their evolution, polarisation characteristics, and their relation with other processes 
during flares. 

6. Interplanetary Scintillation 

Interplanetary scintillation (IPS) is caused by small-scale (~80km to 500 km) density varia¬ 
tions in the solar wind crossing the line of sight (EOS) from distant, compact astronomical radio 
sources (or occasionally, spacecraft beacons) to the radio receiver and scattering their radio sig¬ 
nal (e.g. Hewish et al. 1964; Bisi et al. 2010b, and references therein). Such measurements led 
to fundamental discoveries of solar wind structuring and the first heliospheric remote-sensing re¬ 
sults, only confirmed much later by spacecraft. IPS of a compact radio source gives fast (typically 
~0.1 Hz to ~20 Hz) fluctuations of radio intensity/amplitude and phase, containing information 
about both solar wind and radio source. When simultaneous observations of IPS are undertaken 
at a range of observing frequencies, say / to 5/, (i.e. say 60 MHz to 300 MHz - a capability of 
SKAl-EOW), such data would be extremely useful in examining the scale size of density irreg¬ 
ularities, shape of the density and cross-frequency spectra. A mathematical description of IPS is 
available in e.g. Salpeter (1967); hallows et al. (2006); Bisi (2006) and references therein. 

Simultaneous observations at a range of observing frequencies, for example 60 MHz to 300 MHz 
with SKAl-EOW, would be extremely useful in examining the scale size of density irregularities, 
shape of the density and cross-frequency spectra, and studying the transition between weak and 
strong scattering of the interplanetary (IP) medium. These effects are also important in relation to 
other radio observations, such as Type II and III bursts (Section ^ as scattering can strongly affect 
their source sizes and directionality, and smear out any fine structure within the source. Density 
irregularities can also change the frequency fine structuring of Type III emission (Ei et al. 2012). 
The smallest scale size of density irregularities (in the case of IPS, the cut-off scale or inner-scale 
size (e.g. Coles & Harmon 1978)) present in the solar wind will determine the typical scale size of 
radio emission. Eurther from the Sun this scale will be within reach with SKAl-EOW, but closer 
in, it may require the MID or SURVEY ranges. 

More robust methods for obtaining solar wind parameters are generally based on the cross¬ 
correlation of two simultaneous observations of the same radio source (e.g. Coles 1996; Breen 
et al. 1996; Bisi et al. 2010a, and references therein). Eigure ^ provides a simplified overview of a 
multi-site IPS experiment. Typically both receivers operate at the same frequency, but Bisi (2006) 
and Eallows et al. (2006) have shown that multi-frequency cross-correlations are also possible and 
can produce much interesting science (as described earlier in this section). The SKA can potentially 
open up such possibilities in investigating the turbulence scale and spectrum of the solar wind. 

In addition, multiple observations of IPS over several weeks or months will allow for the 
3D tomographic reconstruction of the detailed structure of solar-wind outflows in the heliosphere, 
using, for example, the University of California, San Diego (UCSD) algorithms (e.g. Jackson et al. 
2013, and references therein). SKAl-EOW will allow a sufficient number of observations per day 
to reconstruct the temporal evolution of the outflows in unprecedented detail, and the application 
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Figure 3: The basic principles of multi-site (in this case two European Incoherent SCATter, EISCAT, radar 
antennas, located in Tromsp and Kiruna) IPS through the simultaneous observation of a single radio source 
as described in the text. The signal’s variation in amplitude as recorded is directly related to turbulence 
and density variation in the solar-wind outflow crossing the LOS. A cross-correlation analysis of the two 
simultaneous signals received yields what is known as a cross-correlation function (CCE) which can be used 
as a first estimate of the velocity or velocities crossing the LOS. (Erom Bisi et al. (2010a)). 


of SKA2 in the future will allow us to access new physics on the turbulence-scale of the solar 
wind (scales that are currently too small to be sampled fast enough with current and upcoming 
in-situ instrumentation), as well as improved and higher-resolution 3D reconstructions of the inner 
heliosphere to allow us to better visualise and reconstruct a complete picture of the solar wind as it 
propagates from the Sun to the Earth’s orbit and beyond. 


7. Heliospheric Faraday Rotation 

Space weather forecasting is of considerable interest socioeconomically, particularly for highly 
geo-effective events like CMEs. The impact of these depends strongly on the presence of a 
southwardly-directed magnetic field, either in the CME itself or behind the CME driven shock 
(in the CME sheath region). Hence, information on the magnetic field topology within a CME, 
especially the strength of the component, as it is usually referred to, is necessarily required to 
determine its geo-effectiveness. At present, our earliest information of B within a CME comes 
from in-situ measurements from space-based observatories located in orbit about the Sun-Earth Ei 
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point. However, these offer at best tens of minutes early warning, and tend to be disrupted by the 
CME (or indeed the shoeked plasma ahead of the fast CMEs). 

Earaday rotation (ER) of baekground linearly-polarised sources allows remote sensing of the 
magnitude and orientation of magnetic field along the observing EOS. The technique was pioneered 
using the telemetry signals from Pioneer 6 and Helios spacecraft (e.g Stelzried et al. 1970; Bird 
et al. 1985, and references therein), and remains a highly productive approach (e.g. Jensen et al. 
2013, and references therein). Astronomical radio sources may also be used to detect coronal ER 
(e.g. Mancuso & Spangler 2000; Spangler & Whiting 2009, and references therein). 

Applied to CMEs, a large number of background sources should be observed along the pro¬ 
jected path of the CME in the sky plane before, during, and after the passage of a CME, while 
tracking the CME as it ploughs its way out. Each measurement provides information only on the 
EOS component of B, integrated along the entire EOS. However, the observations of a large num¬ 
ber (> 100) of lines of sight through the CME as it evolves and travels through the heliosphere 
provide a large number of independent constraints. 

Moreover, the currently-favoured flux-rope based models of CME magnefic fields require only 
~10 degrees of freedom in even fhe mosf general models. Therefore, self-consislenl modelling of 
fhe observed ER, especially when exploifing fhe confinuifies along lime and space axes, in fhe lime- 
evolving CME model will yield a very-fighlly conslrained model for fhe CME flux rope. In facl, 
using fhe lime series of ER observed along a single EOS (provided by salellile beacons) (Jensen & 
Russell 2008; Bisi el al. 2010b, and references Iherein) have successfully conslrained Ihe flux-rope 
orienlalion, posilion, size, velocity, rale of change of rope radius and pilch angle. Multiple EOS 
measuremenls will allow much more delailed characlerisalion. 

Indeed, in anticipation of inslrumenls such as EOEAR and Ihe MWA, Eiu el al. (2007) and 
Jensen el al. (2010) showed lhal simullaneous observations along multiple lines of sighl can indeed 
be used lo uniquely determine Ihe B field in Ihe CME flux rope. If Ihe lurn-around time on Ibis 
analysis can be reduced lo a few hours, Ihis technique can provide an early warning one-lo-lwo 
days in advance, as opposed lo Ihe presenl warning time of a few hours al best 

ER is quadralically dependenl on wavelenglh, and so is easier lo discern al lower frequencies. 
However, al lower frequencies Ihe fractional polarisation of mosl exlra-galaclic sources drops sig- 
nificanlly, Ihe Galactic background becomes steadily brighter (e.g. Rogers & Bowman 2008) and 
Ihe ER due lo Ihe lerreslrial ionosphere also increases. Additional complications arise because Ihe 
lines of sighl passing close lo Ihe active Sun are required, and Ihe solar radio emission is slrongly 
and rapidly varying and shows slrong speclral fealures. Nonelheless, recenl inslrumenls such as 
Ihe MWA and EOEAR do intend lo explore Ihis possibility. 

We expecl Ihere lo be a sufficienlly-dense grid of sources radiating linearly-polarised lighl lo 
serve as a background grid lo againsl which lo observe Ihe CME plasma. WSRT observations in Ihe 
range of 340 MHz lo 370 MHz found exlra-galaclic sources wilh typical linearly-polarised fluxes of 
20 mJy and readily measurable rolalion measures (RMs) wilh an angular density of aboul one suil- 
able polarised source every ~4 square degrees (e.g. Haverkorn el al. 2003, and references Iherein). 
These observations also found Ihe Galactic synchroiron background emission lo be significanlly 
linearly polarised. Recenl work wilh Ihe new-generalion inslrumenls has confirmed Ihe presence 
of Ihis practically ubiquitous diffuse polarised background emission al even lower frequencies (e.g. 
Jelic el al. 2014, and references Iherein). Simullaneous (or near simullaneous) observations of IPS 
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alongside those of heliospherie FR will also provide additional eontext information on the strue- 
ture(s) within the heliosphere to enable a better understanding of what exaetly is eausing the FR or 
the ehanges in FR reeorded say, during the passage of a CME. 

The optimal observing frequeneies lie in the upper part of the SKAl-LOW range. In praetise, 
triggered observing will be required for these hard-to-prediet events, most likely using a spaee- 
based observatory, whieh ean provide information of the launeh time, direetion, and speed of a 
CME. Heliospherie imagers, sueh as those aboard the twin STEREO spaeeeraft, ean provide ad¬ 
ditional information determining the pateh of sky to be monitored. The observations ideally re¬ 
quire good time resolution, and angular resolution of order tens of are seeonds to an are minute 
in the speetral line mode, with a speetral resolution of a few 10s of kHz. To maximise the benefit 
from the use of teehnique of RM synthesis (e.g. Brentjens & de Bruyn 2005), these observations 
should eover the widest bandwidth possible. Contamination from the ionospherie ER signal is 
a problem over mueh of the region of interest, and will require ealibrating down to a few per- 
eent, but Sotomayor-Beltran et al. (2013) have already shown good progress in this respeet. The 
SKAl-EOW projeeted sensitivity and dynamie range will offer exeiting new observations using 
this teehnique, both for foreeasting, and for the improved understanding of CMEs in general. 

8. Summary 

The impaet and usefulness of SKAl for eoronal observations will depend on the imaging 
eapabilities available and their adaptation for solar observations. The first eriterion to eonsider 
is the frequeney eoverage and the type of instrument. SKAl-EOW will eover part of the range 
of EOEAR, with a denser eoverage for the short baselines, whieh is an important faetor for solar 
imaging sinee EOEAR is somewhat sparse in the tens of meters to a few hundred meter baselines 
neeessary to define fhe shape of fhe solar disk al meter wavelenglhs. SKAl-EOW, if observing 
during daytime, will need lo inelude in ils operaling mode a way lo deal wilh fhe ralher high fluxes 
originaling from solar oulbursls so solar imaging using SKA-EOW is more likely lhan wilh SKAl- 
SUR and SKAl-MID whieh we will diseuss lafer. Unforlunalely SKAl-EOW will be plaeed far 
from fhe inslrumenl whieh offers fhe besl eomplemenf in terms of frequeney range, SKAl-MID. 
This means lhal allhough SKAl-MID and SKAl-EOW logelher will eover fhe frequeney range 
from 50 MHz lo 3,050 MHz a given solar radio oulbursl whieh is a shorl fealure on fhe seale of 
minutes or seeonds will eilher be observed by one or fhe olher bul nol bolh. Simullaneily may nol 
always be possible due lo Ihe Earlh’s longiludinal separation of Ihe Iwo antenna lypes. However, 
solar observations wilh SKAl-EOW will well overlap in time wilh Ihe NoRH, and Ihe upeoming 
high-frequeney speelral radio heliographs of Ihe new generation, CSRH and SSRT. 

SKAl-SUR ean still provide some eomplemenlary measures, bul Ihe fael lhal il provides lower 
resolution wilh a mueh sparser field of view lhan SKAl-MID and in parlieular Ihe fael lhal il will 
nol be upgraded for SKA2 mean lhal SKAl-MID plus EOEAR would joinlly oulperform SKAl- 
SUR plus SKAl-EOW. We Ihus expeel SKAl-EOW lo essentially overlap Ihe solar seienee ease 
for EOEAR, likely wilh belter image performanee for Ihe Sun and wilh NoRH, CSRH and SSRT 
as eomplemenlary inslrumenls al higher frequeneies. This in parlieular opens up an interesting 
possibilily for simullaneous Iraeing of Ihe emission of non-lhermal parlieles going up and down 
from a flare site. 
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Since for solar purposes the case for SKAl-SUR is reasonably similar to the case for SKAl- 
MID and since SKAl-MID will the only one to be significantly upgraded for SKA2 we concentrate 
the further discussion on SKA-MID. The frequency range range for SKAl-MID, from 350 MHz 
to 3,050 MHz, means we could study the range from 450 MHz to 1 GHz where there has been a 
noticeable lack of imaging on the Sun. That alone would be a major contribution for solar physics 
from SKAl. We note a couple of issues on the possibility of imaging with SKAl-MID as defined 
for SKAl. 

Firsf fhere is fhe fad fhaf fhe dish size (15 mefres) and fhe single beam means fhaf af fhe highesf 
frequencies fhe antenna field of view is smaller fhan fhe angular size of fhe Sun (fhe synfhefic field 
of view will be even smaller). Below 1 GHz fhe size of fhe field of view should be adequafe if 
parficular affenfion is faken fo ensure fhaf fhe shorf baseline coverage is enough for fhe Sun fo be 
effectively imaged ouf fo abouf fwo solar radii from fhe Sun’s cenfre. This field of view aspecf will 
be less of an issue if fhe SKAl-MID dishes are equipped wifh phased array feeds and probably will 
nol be an issue for SKA2 if dense aperfure arrays are fo be implemenfed. 

The greafesf problem in using SKAl-MID fo observe fhe solar corona relafes fo fhe very large 
fluxes involved. Solar radiasfronomers define fheir flux in terms of solar flux unifs (SFU) such 
fhaf 1 SFU= 10,000 Jy. Solar fluxes in fhe decimeter wavelengfh range are often close fo 100 SFU, 
and in large evenfs such as fhe Halloween 2003 evenfs, fhe solar emission in fhe decimefer fo meter 
wavelengfh can exceed 10^ SFU (Pick ef al. 2005). The dense aperfure array sysfems fo be insfalled 
during SKA2, if performing operations during daytime, will need fo handle such fluxes in fheir 
normal operating modes, so even major solar oufbursfs can readily be included in fhe science topics 
for SKA2. The dishes fhaf will be used for SKAl do nol need fo handle solar like fluxes even during 
daytime operafions since fhe observing schedule can always be defined in order fo mainlain fhe Sun 
oulside of fhe anlenna field of view. If poinfed al fhe Sun fhere will be a major deparfure from fhe 
sub-Jansky modes typical of non-solar observations. On fhe olher hand, observalions of IPS will be 
possible using SKAl-MID, and FR could also be allempled wilhin respeclable elongalion angles 
from fhe Sun, and we feel fhaf Ibis, logelher wifh imaging observalions wifh SKAl-LOW, alop of 
fhe IPS and FR prospecls wifh SKAl-LOW, will be fhe mosf imporlanl conlribulions from SKAl 
for Heliophysics including solar and space wealher sludies. 

Despile some challenges and potential cosl implicalions involved wifh coronal imaging using 
SKAl-MID, we nole fhaf such high fluxes musl be handled during any daylime operalion by fhe 
dense aperfure arrays during SKA2. Also, fhe mulli-beam characlerislics of fhe dense aperfure 
arrays will Ihen facililale allocalion of time for solar operalion. IPS observalions wifh SKAl-MID 
are nol affected by Ihese issues, and Ihese, alongside imaging observations wifh SKAl-LOW, will 
cerlainly make imporlanl conlribulions from SKAl fo radio heliophysics and space wealher sludies. 

We conclude fhaf fhe observational paramelers of bolh SKAl and SKA2 will provide a major 
breaklhrough in solar and heliospheric radiophysics, bringing new discoveries and qualilafively 
advancing solar and heliospheric physics, fundamenlal plasma aslrophysics, and space wealher. 
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